In vivo evaluation of bone microstructure with high-resolution peripheral quantitative tomography (HRpQCT) has been used for a decade in research settings. In this review, we examine the value this technique could have in clinical practice. Bone microstructure parameters obtained with HRpQCT are associated with prevalent fracture in men and women. In postmenopausal women, some parameters also predict incident fracture, independently of areal bone mineral density. In specific population groups including patients with diabetes, chronic kidney disease, glucocorticosteroid therapy and rheumatic diseases, abnormal microstructure parameters from HRpQCT have been reported. Findings from HRpQCT studies may also explain ethnic differences in bone fragility. Treatment monitoring has been challenging in the various clinical trials with available HRpQCT data. The improvements were of small magnitude but tended to be proportional to the potency of antiresorptive agents. Microfinite element analysis was a better predictor of treatment efficacy than the microarchitectural parameters. In conclusion, HRpQCTremains a valuable research tool, but more work is needed to be able to use it in clinical practice.
Introduction
The measurement of areal bone mineral density (aBMD) by dual-energy X-ray absorptiometry (DXA) is currently the reference procedure for the diagnosis of osteoporosis and prediction of fracture risk. This technique, however, has important limitations. Specifically, half of fragility fractures have been observed in postmenopausal women whose T-score is above the World Health Organization-defined diagnostic threshold for osteoporosis (that is, À 2.5 s.d.), and this has been noticed in several different cohort settings. [1] [2] [3] In men, this proportion of captured individuals probably does not exceed 25%. 3, 4 Furthermore, the proportion of the reduction in vertebral fracture risk after osteoporosis therapy that is explained by changes in BMD has been controversial. 5 It may be important only with the most potent antiresorptive drugs. 6, 7 Because osteoporosis is characterized both by low bone mass and microarchitectural deterioration, it has been suggested that in vivo assessment of bone microarchitecture may improve the prediction of fracture risk and the ability to monitor the response to therapeutic intervention. The gold standard technique for evaluation of bone microarchitecture is the histomorphometric analysis of a transiliac bone biopsy. This is not feasible in large-scale epidemiologic studies or in clinical practice. This limitation has led to the development of non-invasive imaging techniques. Magnetic resonance imaging (MRI) can measure trabecular bone microarchitecture, and finite element analysis (FEA) can be performed with good quality MRI images. The performance of the technique for the evaluation of cortical bone, however, is less satisfactory. Also, MRI machines are not easily available for large research projects and population screening, and, measurements may be costly, limiting research efforts with this technique.
In vivo assessment of bone microstructure became available about 15 years ago using high-resolution peripheral quantitative tomography (HRpQCT), and, most clinical studies published so far have used this technique, with the XTreme CT machine (Scanco, Bruttisellen, Switzerland). This system uses a two-dimensional detector array in combination with a 0.08-mm point-focus x-ray tube, allowing for the simultaneous acquisition of a stack of parallel CT slices with a nominal resolution (voxel size) of 82 mm. One hundred ten slices are obtained at the distal radius and tibia during a 3 mn time scan, thus delivering a three-dimensional representation of approximately 9 mm in the axial direction. The entire volume of interest is automatically separated into a cortical and trabecular region using a threshold-based algorithm. The total, trabecular and cortical volumetric bone densities are measured, along with the number and distribution of trabeculae and the cross-sectional area. The trabecular bone volume, the trabecular thickness and separation are calculated with the standard formulae from histomorphometry. Cortical porosity can also be assessed.
In this narrative review, we will focus on two potential clinical applications of in vivo measurement of bone microarchitecture-that is, the evaluation of fracture risk and the treatment monitoring.
Assessment of Fracture Risk: What is the Evidence?
Prevalent fracture and bone microstructure The largest body of evidence comes from case-control and cross-sectional studies. Thus, in a case-control analysis from the population-based cohort OFELY, women with osteopenia with fragility fracture had lower trabecular density and more heterogeneous trabecular distribution than non-fractured women with the same aBMD at the spine and hip. 8 Similarly, in a case-control study enrolling women with recent wrist or hip fracture, HRpQCT measures-especially the cortical parameters at the distal tibia-were able to distinguish fractured and non-fractured women. 9 The measurement of cortical porosity was able to distinguish the postmenopausal women with osteopenia who did or did not have a history of wrist fracture. 10 Also in postmenopausal women, although all vertebral fractures were associated with low volumetric BMD and architectural alterations of both trabecular and cortical bone, severe and multiple vertebral fractures were further associated with impairment of cortical bone. 11 Most of these results observed in retrospective studies were obtained after adjustment for aBMD at the radius and hip for radius and tibia HRpQCT measurements, respectively.
In microFEA (mFEA), using linear models, the proportion of load carried by cortical bone compared with trabecular bone was associated with wrist fracture independently of aBMD and microarchitecture. 12 Non-linear mFEA models provide important additional information on the risk of wrist fracture, specifically a yield load-based factor of risk, bone ductility (yield deformation) and the cortical plastic volume. 13 Much greater computer performance is necessary to perform non-linear compared with linear mFEA models. The linear mFEA parameters evaluated at distal sites such as the tibia and radius were also associated with all types of prevalent fractures, including the vertebra. 14, 15 The magnitude of this association was similar at the tibia and radius. 14 Thus, tibia and radius mechanical properties are relatively representative of those of other distant bone sites. The main limitation of mFEA is the access to powerful computers and the duration of the analysis (around 30 min per bone site with a linear model on a regular computer). With the rapid increase in computer performance, this duration could be significantly reduced.
Prediction of incident fracture
To determine the possible clinical role of HRpQCT in the prediction of fragility fracture risk, we need results from prospective studies showing that the prediction of fracture can be improved by HRpQCT, compared with current paradigms including aBMD or FRAX. Thus, the microstructure parameters must remain predictive of fracture after accounting for the reference for fracture prediction, that is, the aBMD or the area under the curve must be statistically significantly different. Another way to approach the microarchitectural contribution to incident fracture risk is to assess whether they can distinguish specific extreme phenotypes of bone fragility, using principal component analysis or cluster analyses.
So far, only one analysis of the prediction of incident fracture in postmenopausal women has been released but only in abstract form. 16 Thus, in a prospective cohort of French postmenopausal women, after adjustment for hip aBMD, the total vBMD, the trabecular vBMD, the trabecular number and the connectivity at the distal radius remained predictive of incident fracture, along with age-adjusted estimated failure load.
Specific populations
Differences between ethnicities. Compartment-specific analyses may be helpful to clarify discrepancies between fracture prevalence and risk prediction provided by aBMD. Indeed, Asian men and women have smaller bones; hence, aBMD underestimates their bone density. Nevertheless, Asians also sustain fewer fractures. Using HRpQCT, it has been observed that premenopausal Asian women had thicker cortices and thicker but fewer trabeculae than Caucasians, 17 with higher estimates of bone stiffness/strength in mFEA. 18 In Chinese American pre-and postmenopausal women, cortical porosity has been found lower than in Caucasian women, 19 possibly accounting for some of the differences in fracture incidence between Chinese and Caucasian women.
Diabetes. Patients with type 2 diabetes generally have normal-to-high aBMD, but they sustain more fractures than non-diabetic controls, especially at non-vertebral sites. Cross-sectional studies conducted so far among postmenopausal women with type 2 diabetes [20] [21] [22] have shown that the peripheral trabecular bone is relatively preserved. The greater fracture risk in diabetic patients may stem from the increased cortical porosity that has been observed in those diabetic postmenopausal women with prevalent fracture when compared with non-fractured diabetic women. [20] [21] [22] This finding was consistent with an impairment in estimated bone strength. 22 It remains to be determined whether this measurement of impaired peripheral cortical bone can improve the prediction of incident fracture sufficiently over aBMD to be clinically meaningful.
In a cross-sectional analysis of patients with type 1 diabetes, no significant difference has been found between a small group (n ¼ 55) of middle-aged men and women (45 years) in those without microvascular disease and the non-diabetic controls. 23 In contrast, those patients with microvascular disease had impaired trabecular microarchitecture.
Bone fragility in men. HRpQCT has also been used to address bone fragility in men, because the limitations of the use of aBMD by DXA are even more important in men than in women. Khosla et al, have observed that the trabecular bone volume (BV/TV) and thickness were significantly greater in young men than in young women. 24 The rate of age-related decline in trabecular BV/TV seemed independent of gender, whereas in aging healthy men trabecular thinning seemed to predominate over loss of trabeculae, contrasting to what is observed in women. Vertebral fractures and their severity are associated with impaired cortical bone, even after adjustment for aBMD. 25 The association between peripheral fractures and bone microarchitecture was weaker and nonsignificant after
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Bone fragility and chronic kidney disease. In patients with chronic kidney disease (CKD), a compartment-specific approach is possibly preferable to DXA, because the various forms of osteodystrophies may affect the trabecular and cortical compartments differently. Impairment in bone microarchitecture has been observed in patients with early CKD 27, 28 and in patients on dialysis. 29 Alterations in bone structure appeared to be less in patients on peritoneal dialysis than in those on hemodialysis. The rapid cortical bone loss that is observed in correlation with secondary hyperparathyroidism among patients on dialysis can be detected by HRpQCT over a short period of time (18 months). 30 In a small group of men and women (n ¼ 131) with pre-dialysis CKD (stages 3 to 5), the cortical parameters measured with HRpQCT at the distal radius predicted incident fragility fractures. 31 The areas under the curve (AUCs), however, were not significantly different from those obtained with aBMD. Larger studies in various patient settings are necessary to draw conclusions about the clinical significance of microarchitectural assessment among patients with CKD, in pre-and dialysis stages.
Corticosteroid-induced osteoporosis. Patients taking corticosteroids are at higher risk for fracture at a given aBMD level than those who do not take these drugs, suggesting that changes not captured by DXA might be detectable by the in vivo evaluation of bone microarchitecture. In a small case-control study (n ¼ 90) conducted in an academic hospital, glucocorticosteroidtreated women had abnormal cortical and trabecular vBMD and microarchitecture at both the radius and tibia, including fewer trabecular plates, a less axially aligned trabecular network, lower trabecular connectivity, thinner cortices and lower whole-bone stiffness, despite similar aBMD by DXA compared with the controls. 32 This needs to be replicated in larger groups, and the association of these abnormalities with fragility fracture has to be established.
Bone fragility associated with rheumatic diseases. Rheumatic diseases such as rheumatoid arthritis, lupus and spondyloarthritis (SpA) are associated with an increased risk of fragility fracture that is not only due to the use of corticosteroids but also to the effects of chronic inflammation on bone remodeling. For example, the bone microarchitecture has been found impaired in men with SpA, at the distal radius and tibia, proportionally to the spine syndesmophyte score, which can be considered as roughly proportional to disease severity. 33 Whether the HRpQCT measurement in this special population can be used to screen individuals at risk for fracture more effectively than DXA, in an era of declining comorbidities of rheumatic diseases thanks to the use of biologics and treat-totarget strategies, remains to be established.
The Value of High-Resolution Peripheral Computed Tomography for Treatment Follow-Up
So far, the effect of antiosteoporotic drugs on HRpQCT parameters has been tested in randomized controlled trials with four classes of drugs: oral bisphosphonates, denosumab, strontium ranelate and odanacatib.
In a pilot trial comparing alendronate to placebo for 24 months, 34 HRpqCT measures showed improvement compared with baseline only at the distal tibia. Among postmenopausal women randomized to receive either placebo or risedronate 35 mg per week, there was no significant difference in trabecular and cortical parameters between groups at 12 months, 35 but compared with baseline risedronate tended to prevent vBMD and Ct.Th decline at the distal tibia. Among the youngest women (o55 years) enrolled in this trial, the prevention of bone microarchitecture decay was more important than in the oldest women. Similarly, in a trial examining the effect of oral ibandronate 150 mg/month compared with placebo, 36 no significant difference between groups appeared in either trabecular and cortical parameters at the radius, with up to 24 months of follow-up. At the tibia, however, cortical vBMD and Ct.Th were greater in the ibandronate group. In another double-blind trial, 247 postmenopausal women were randomized to denosumab (60 mg subcutaneous 6 monthly), alendronate (70 mg oral weekly) or placebo and treated for 12 months. 37 In the placebo group, microarchitecture variables declined, whereas in the alendronate group the decay was prevented.In the denosumab group, these HRpQCT parameters either were stable or were improved.
Strontium ranelate has been compared with alendronate within a randomized trial but not with placebo. 38 At the radius, most comparisons were not significantly different. At the tibia, microstructure parameters remained stable on alendronate, whereas they improved on strontium ranelate, including estimates of bone strength.
The cathepsin K inhibitor odanacatib has also been evaluated in a randomized, double-blind placebo-controlled trial, using HRpQCT of the distal radius and distal tibia, 39 in 214 postmenopausal women treated for 2 years. Odanacatib increased cortical and trabecular volumetric density, improved cortical thickness of the distal radius and tibia and improved the estimated bone strength at the distal radius compared with placebo. Of note, the longitudinal evaluation of mFEA was more precise than that of the microarchitectural parameters. 40 Taken together these data suggest that the distal tibia was more responsive to treatments than the distal radius, suggesting that the mechanical stimulus at this site might improve the response to treatments. The results of these interventions, however, should be interpreted with caution. Indeed, motion artifacts are common, especially when measuring the radius where the scan quality is often inadequate. In the trials, these scans have not been excluded, to avoid missing values and ensure the validity of the intentto-treat analyses. This may have biased some of the results at the radius toward the null, contributing to the impression that the distal tibia site was more appropriate.
There are also technical limitations to the longitudinal evaluation of cortical thickness. The aforementioned analyses were limited to geometrical and microarchitectural response to
In vivo evaluation of bone microstructure R Chapurlat therapy but did not address the issue of effects on the bone material. Besides, the common regions of interest between baseline and follow-up scans are determined based on cross-sectional area matching, assuming a constant area over time. Therefore, when measured longitudinally, the total areas are necessarily the same. The increase in vBMD following the decrease in bone resorption can influence edge detection, thus increasing the cortical area and thickness artifactually. In fact, the increase in cortical bone density leading to apparent improvement in cortical thickness is probably due to filling of cortical porosity-that is, increasing the cortical area-because any actual thickening is beyond the resolution of HRpQCT. This reasoning is supported by our observation that the trabecular area decreased and the cortical area increased at the tibia in women on ibandronate compared with those on placebo, whereas the total area remained constant over time, suggesting that the greater Ct.Th was due to refilled endocortical porosity. 36 In the particular case of strontium ranelate, the higher X-ray attenuation of strontium ranelate than calcium can increase voxel density, even in the absence of new bone formation or mineralization. Indeed, when corrected with parameters less influenced by density, using a distance transformation method, differences between alendronate and strontium ranelate were no longer significant. 38 One reason explaining that the results of treatment monitoring with HRpQCT parameters of microarchitecture were disappointing may be due to the poor reproducibility of the repeated measurements of the volumes of interest. This issue may be overcome by a three-dimensional registration that has been found to improve the common region of interest retained for longitudinal evaluation, improving the reproducibility of the cortical bone parameters. 40 The repeated measurement of bones with HRpQCT can also evaluate the variation in local bone remodeling and link it to tissue loading. 41 This could be used as a surrogate imaging marker of the variation of bone fragility in response to therapy.
Conclusion
The most convenient current method to assess bone microstructure in vivo is HRpQCT. The various parameters representing the trabecular and cortical bone compartments are associated with estimated bone strength and prevalent fragility fracture. They are also associated with incident fragility fracture, independently of aBMD. The increment in fracture detection compared with aBMD, however, is modest. Therefore, a wide use of this technique as a screening tool for bone fragility is unlikely.
It remains to be determined whether HRpQCT could be used in specific subgroups of secondary osteoporosis or individuals who have extreme microstructural phenotypes of male and postmenopausal osteoporosis. Hence, longitudinal studies of patients with secondary osteoporoses are necessary, along with the use of new statistical approaches-eg, cluster analyses-to identify special phenotypes of postmenopausal osteoporosis that may be better detected by HRpQCT.
